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SPECTRAL ANALYSIS OF THE STRUCTURE
OF ULTRADISPERSED DIAMONDS

V. V. Uglov,* V. I. Shimanski,? D. P. Rusalsky,? UDC 543.422:548.736.15
and M. P. Samtsov”

The structure of ultradispersed diamonds (UDD) is studied by spectral methods. The presence of diamond
crystal phase in the UDD is found based on x-ray analysis and Raman spectra. The Raman spectra also show
spZ- and sp3-hybridized carbon. Analysis of IR absorption spectra suggests that the composition of functional
groups present in the particles changes during the treatment.
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Introduction. The detonation of explosives in closed chambers can produce ultradispersed carbon powders
that are of practical interest because of the properties of the particles formed. The detonation of solid explosives cre-
ates conditions (20-30 GPa, 30004000 K) that promote the formation of diamond particles. Therefore, the synthesized
powders contain a large amount of ultradispersed diamonds (UDD). As a rule, the produced diamonds are spherical
with a diameter of about 4 nm [1, 2]. UDD of such small dimensions are used in industry as an additive for fabricat-
ing composites [3], as catalysts for carrying out certain chemical reactions [4], etc. A detailed investigation of the
properties and structure of UDD particles could expand their applications. Being small particles with a high surface en-
ergy, UDD are stabilized as blocks (clusters) 20-30 nm in size. This hinders the investigation of the structure of the
individual particles and requires the use of methods that can provide information for rather bulky samples.

A certain aspect of UDD structure has been described in most work related to the investigation of their struc-
ture. This is either the crystal structure or the presence of functional groups in them. The goal of our work was to
investigate comprehensively UDD particles using various spectral methods and to find the functional groups that ap-
pear during chemical isolation of UDD from the detonation charge.

Experimental. Samples of UDD were obtained from products of detonation synthesis (detonation charge)
through explosion of carbon-containing compounds such as trinitrotoluene and hexogen. The parameters of the medium
in the detonation wave (pressure and temperature) corresponded to the formation of diamond. The UDD were obtained
by barometric oxidation of the detonation charge diluted with nitric acid. After the reaction was finished, samples were
extracted from the acidic solution and washed in distilled water. The samples were sent to NP ZAO "Sinta" (Minsk).

The phases and structure of UDD were studied using x-ray diffraction analysis on a DRON-3 x-ray diffrac-
tometer with monochromatic copper radiation of wavelength 1.54178 nm. Powder spectra of UDD on a glass substrate
were recorded in the range of angles 20—120°.

Samples were prepared as disks pressed from a mixture of UDD powder and KBr (1% mass content of UDD
powder). Raman spectra were recorded at room temperature using a Ramalog 4 spectrometer (Spex) with excitation by
Ar*-laser radiation (488 or 514 nm) with power on the sample of 0.10-0.15 W and beam diameter ~10 pm. IR ab-
sorption spectra in the range 4000-500 cm ™ were measured using a single-beam Fourier Vertex 70 spectrometer
(Bruker) with resolution 0.5 em™! with averaging over 20 scans.

Results and Discussion. Figure 1 shows x-ray diffraction patterns from samples of detonation charge and
UDD. A feature of the resulting patterns at small reflection angles is a steeply increasing background, the presence of
which is due to scattering from amorphous dispersed structures. Also, a relatively high intensity background over the
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Fig. 1. X-ray diffraction patterns of detonation charge (1) and ultradispersed
diamonds (2).

whole range of diffraction angles is found, indicating the presence of a large number of fine amorphous particles in
the sample. The pattern of the detonation charge exhibits a weak diffraction maximum at diffraction angle 20 =~ 25°
that can be assigned to reflection from the (0002)-plane of graphite. This maximum is missing in the pattern of UDD.
This condition suggests that the graphite formed upon detonation is removed after chemical purification of the detona-
tion charge. The pattern of UDD exhibits broad symmetric maxima at diffraction angles 20 = 43.8, 75.2, and 91.6°
that correspond to reflections from diamond planes (111), (220), and (311) [5]. The presence of these diffraction max-
ima in the pattern of UDD indicates that a significant amount of the crystalline diamond phase of carbon is present in
the samples. The intensity of the diffraction line at 20 = 43.8° in the pattern of UDD increases compared with its in-
tensity in the pattern of the charge. Two other lines observed in the pattern of UDD are missing in the pattern of the
charge. This is consistent with an increased relative content of the diamond phase in the UDD samples, which is
achieved by carrying out the corresponding chemical treatment by which non-diamond particles are removed from the
charge. The lattice constant of diamond calculated from the strongest line is 0.357 nm. This value agrees fully with
the lattice constant of macroscopic diamond.

The observed diffraction maxima in the pattern of UDD are rather broad (several degrees at half-height). It is
known that the fundamental reasons producing broad diffraction lines are microstresses within the sample and its par-
ticle size [6]. If existing internal microstresses are ignored and it is assumed that the width of the diffraction lines is
due only to the particle size of the diamond powder, then the average particle size of UDD can be estimated from the
Debye—Scherrer equation. The average particle size L is determined using the formula L = A/(d cos 0), where d is the
width of the diffraction line at half-height for diffraction angle 6 and A is the wavelength of the x-ray radiation. The
calculated average particle size of UDD is ~4 nm.

The results of the x-ray diffraction study agree with those obtained by Raman scattering. Figure 2 shows
Raman spectra of the detonation mixture and UDD. The spectrum of the detonation mixture exhibits only two broad
bands with maxima at 1356 and 1592 cm™' that are due to a high content in the sample of sp2- and sp3-hybridized
carbon (including graphite) [7, 8]. The spectrum of UDD contains a rather narrow band at 1330 cm_l, the presence of
which is due to the crystalline diamond phase of carbon. A second characteristic band for UDD in the Raman spec-
trum is located at 1088 cm™'. Besides these lines, a broad diffuse band at 1570 cm™! that can be assigned to vibra-
tions of sp2-hybridized bonds in aromatic rings and aliphatic chains is observed. The differences in the Raman spectra
of the charge and UDD indicate that the composition of the powder-particle shell was changed by the treatment.

IR absorption spectra of the detonation charge and UDD (Fig. 3) exhibit vibrations of various functional
groups, the assignments of which were made based on an analysis of the results and a comparison with known data
for such samples [9-12]. The spectrum of the detonation charge contains a broad maximum at 590 em™! that is most
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Fig. 2. Raman spectra of detonation charge (1) and ultradispersed diamonds (2).
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Fig. 3. IR absorption spectra of detonation charge (1) and ultradispersed dia-
monds (2).

probably due to vibrations of a =C-O-C= group. Two closely spaced bands with maxima at 1384 and 1460 em™! be-
long to symmetric and antisymmetric vibrations of CH3 groups, respectively [13]. Absorption bands at 1630 and 3440
em™! are due to deformation and stretching vibrations of O-H groups in water molecules bound and adsorbed to UDD
particles [12]. The appearance of water absorption bands is typical of all IR spectra of UDD [14]. The presence of a
maximum at 3440 cm ™! and its washout at lower wavenumbers indicates, according to the literature [14], that a water
monolayer with intermolecular hydrogen bonds is formed. The doublet at 2854 and 2923 em™! corresponds to stretch-
ing vibrations of sp>-hybridized CHs.

Additional absorption maxima besides the examined bands appeared in the absorption spectrum of UDD after
processing of the charge. A broad band with maximum at 1130 em ™ was probably due to absorption of nitrogen im-
purities. The presence of nitrogenous molecules in the UDD samples is explained by the use of nitric acid to isolate
UDD from the detonation charge. The rather narrow and strong absorption band at 1384 em”! corresponds to CHj vi-
brations. It should be noted that this band in analogous spectra [15] is practically not observed, like the band at 1570
cm_l, which can be correlated with symmetric vibrations of NO; [13]. The absorption band with maximum at 1739
em™! s due to stretching vibrations of the C=0O functional group; at 2957 cm_l, to stretching vibrations of sp3-hybrid-
ized CH,.
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Thus, samples containing UDD typically have a significant number of functional groups, many of which are
missing in the detonation charge. The observed differences in the spectra during chemical processing are due to surface
modification of the particles. A similar picture is characteristic for finely dispersed diamond materials [9]. Many stud-
ies [4, 15] have shown that the surface of synthetic diamond powder is coated with oxygen-containing functional
groups, the concentration of which is greater, the greater the active surface area. Various organic surfactants also ad-
sorb well to the surface of diamond. As a result, surface functional groups contribute substantially to the IR absorption
spectra of diamond powders.

According to the core theory [4] particles of nanodiamond are supermolecules with a single-crystalline dia-
mond nucleus (core) that is surrounded by a chemical coating of functional groups bound to it that determine the con-
dition of the UDD surface. Thus, for UDD particles with an average diameter of ~4 nm, the fraction of surface atoms
is ~15%. Therefore, the symmetry of carbon-atom positions is destroyed and the lattice constant is decreased. This re-
sults in the properties of UDD being determined to a large extent by the condition of their surface.

Conclusion. X-ray diffraction established the structure and phase composition of particles of UDD. These are
nano-sized particles with the diamond crystal lattice, the dimensions of which are ~4 nm. Raman and IR spectroscopy
revealed the influence of purification conditions of the UDD on the chemical composition of their surface. The crystal
lattice is most probably surrounded by an amorphous coating of hydrocarbon, carboxylic, and nitrogen-containing func-
tional groups that apparently make up a significant part of the UDD particles.
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